Using two nano-porous pseudo carbon paste electrodes (Nano-PPCPEs) as the working electrodes, a saturated calomel electrode as the reference electrode, and a Pt electrode as the counter electrode to form a four-electrode system, a novel type of glutamate-acetylcholine electrochemical biosensor array was successfully fabricated. It was shown that the biosensor array displayed a high selectivity and sensitivity and the selective and simultaneous determination of glutamate and acetylcholine (ATCh) is feasible. For L-glutamate, a linear range from 5 × 10 −7 M to 1 × 10 −5 M with the detection limit of 2 5 × 10 −7 M was demonstrated, while for ATChI the linear range is from 5 × 10 −6 M to 2 × 10 −4 M with the detection limit of 1 5 × 10 −7 M. This research means a possibility to simultaneously detect more neurotransmitters with a nano-PPCPEs electrochemical biosensor array.
INTRODUCTION
Electrochemical biosensors are kinds of sensors, [1] [2] [3] [4] [5] [6] which are usually composed with a sensitive film and an electrochemical transducer, while both the sensitive film and the electrochemical converter are to convert biomass to electrical signals. Glutamate is the major excitatory neurotransmitter in the central nervous system, [7] [8] [9] [10] [11] if the glutamate is in dysfunction, 12 it would lead to series diseases, such as epilepsy and schizophrenia, etc. Acetylcholinesterase (AChE) widely distributes in the central neural system and is bonded to the cellular membranes of excitable tissues, [13] [14] [15] [16] [17] and is a key enzyme playing a significant role in the nerve impulse transduction. Acetylthiocholine iodide (ATChI) is the substrate of acetylcholinesterase and nicotinic acetylcholine receptor agonist. [18] [19] [20] If the acetylcholinesterase is abnormal, it would also lead to etc. Therefore, it is significant to study the two substances in clinical analysis. However, there are few literatures to research the glutamate and acetylthiocholine iodide simultaneously. In this paper, we plan to use a simple electrochemical biosensor array consist of two homemade nano-PPCPEs as the working electrodes, which are modified with glutamate oxidase (GLOD) and AChE respectively. Then a novel type of glutamate-acetylcholine biosensor was formed successfully to detect glutamate and ATChI simultaneously. Compared with the three-electrode system, the four-electrode system can detect the two materials at the same time. More importantly, this research means a possibility to simultaneously detect more neurotransmitters with a nano-PPCPEs electrochemical biosensor array.
MATERIALS AND METHODS

Materials and Instruments
Glutamate oxidase (GLOD, 5.0 units/mg), bovine serum albumin (BSA), catalase (Cat, 2000∼5000 units/mg) and Acetylcholinesterase (AChE, 827 units/mg) were purchased from Sigma. Acetic acid (HAc), -cyclodextrin ( -CD), acetylthiocholine iodide (ATChI, biochemical reagent) and 25% glutaraldehyde (biochemical reagent) were purchased from Sinopharm Group Chemical Reagents Co., Ltd. (Shanghai, China). Glutamate was purchased from Sunshine Biotechnology (Nanjing) Co., Ltd. (Jiangsu, China). 5% Nafion-methanol solution was purchased from Shanghai Hesen Electric Co., Ltd. (Shanghai, China). All other reagents were of analytical grade and used as received.
The nanostructures of nano-PPCPEs were characterized with scanning electronmicroscopy (SEM, Hitachi S-3000N). And cyclic voltammetry and other electrochemical analytical measurements were carried out on an electrochemical workstation PGSTAT302N (Metrohm) in 0.1 M phosphate buffer at pH = 7 4 (which was prepared from NaH 2 PO 4 · 2H 2 O and Na 2 HPO 4 · 12H 2 O in an appropriate proportion). The measurements were carried out with the sensor array consisting of two nano-PPCPEs as the working electrodes, a saturated calomel electrode as the reference electrode, and a Pt electrode as the counter electrode to form a four-electrode system. All electroanalytical measurements were performed at room temperature.
Fabrication of Nano-PPCPE
The nano-porous pseudo carbon paste electrodes (nanoPPCPEs) were fabricated by mixed graphite powder, poly styrene (PS) microspheres and pyrrole in an appropriate ratio, followed by packing the mixtures into glass tubes (3 mm in inner diameter) with a copper wire. Then the packed glass tubes were infused in FeCl 3 solution to make the pyrrole fully polymerize. Finally, by infusing the prepared electrodes in toluene to dissolve PS microspheres, the nano-PPCPEs were successfully formed.
Preparation of Glutamate Sensor
To fabricate a glutamate biosensor, 10 mg of BSA, 2 mg of L-GLOD and 2 mg of Cat were added into 100 L of PB (0.1 M, pH = 7 4) solution, then the obtained solution was mixed with 20 L of 5% glutaraldehyde solution (which was prepared by mixing 25% glutaraldehyde with PB at 1:4 ratio). 3 L of the mixed solution above was dripped onto the nano-PPCPE and air-dried at room temperature. Finally, 3 L of 5% Nafion-methanol solution was coated onto this electrode and air-dried at room temperature, the glutamate electrochemical biosensor formed successfully.
Preparation of Acetylcholine Sensor
To prepare an acetylcholine sensor, 20 mg of -cyclodextrin solution and 40 L of 5% glutaraldehyde solution were added in 40 L of 0.2 M HAc. 3 L of the above solution was coated onto the nano-PPCPE and air-dried at room temperature. Then 3 L of the AChE enzyme solution (100 L of PB containing 0.2 mg of AChE) was also coated onto the nano-PPCPE and also air-dried at room temperature. Finally, 3 L of 5% Nafionmethanol solution was dripped onto this electrode and air-dried at room temperature, forming an acetylcholine electrochemical biosensor.
RESULTS AND DISCUSSION
The SEM Image of Nano-PPCPE Shown in Figure 1 is the SEM image of the nonostructure of a nano-PPCPE. From the image, it could be seen that the surface of Nano-PPCPE appeared with a fine porous structures, so that the nano-PPCPE possesses a large surface area, which can contribute the fabricated biosensor a stronger current intensity and higher sensitivity, etc.
The Electrochemical Performance of the Glutamate-Acetylcholine Biosensor Array For the above four-electrode system, electrodes were placed into the solution (the PB solution containing 1 × 10 −5 M of glutamate and 2 × 10 −4 M of ATChI) for cyclic voltammetry measurements. As shown in Figure 2 , it can be found that the curve presents two anodic peaks obviously, the former anodic peak is attributed to the formation of glutamate while the latter one is ascribed to the formation of ATChI. Shown in Figure 3 is the CV curve of glutamate on the nano-PPCPE modified with GLOD as the working electrode (together with a saturated calomel electrode as the reference electrode and a Pt electrode as the counter electrode to form a three-electrode system, while all electrodes being placed into the PB solution containing 1 × 10 −5 M of glutamate and 2 × 10 −4 M of ATChI) and the Figure 4 dispalys the CV curve of ATChI at the nano-PPCPE which was modified with AChE as the working electrode (together with a saturated calomel electrode as the reference electrode and a Pt electrode as the counter electrode to form a three-electrode system, with all electrodes placed into the PB solution containing 1 × 10 −5 M of glutamate and 2 × 10 −4 M of ATChI as mentioned above). In comparison with Figure 2 , we could see that they show no interference with each other, indicating that the two anodic peaks could be separated and distinguished perfectly, strongly implying that the selective and simultaneous determination of glutamate and ATChI are feasible by this novel four-electrode system and almost no difference is found in comparison with the three-electrode system.
Using the four-electrode system, the relationship between different concentrations of the two materials and the current responses were detected simultaneously. As demonstrated in Figure 5 (the curve (a) is the relationship between different concentrations of glutamate and current response, the curve (b) is the relationship between different concentrations of ATChI and current response), when the concentrations of the two materials changed simultaneously, detection was conducted using the four-electrode system without interference with each other being found and the results are the same with those for the detection of two substances individually. 22 23 The linearity arrange of the detection singal with the concentration of glutamate ranges from 5 × 10 −7 M-1 × 10 −5 M. The regression equation is y = 2 12294x − 6 27352, and the regression coeffient (R) of the linear curve is 0.99031 (Fig. 5(a) ), with the detection limit as low as 2 5 × 10 −7 M (S/N = 3). For ATChI (Fig. 5(b) ), it was shown that the current values are also linear with the concentration of ATChI ranging from 5 × 10 −6 M-2 × 10 −4 M. The regression equation is y = 0 5901x + 4 3443, and the regression coeffient (R) of the linear curve is 0.99096 ( Fig. 5(b) ), with the detection limit as low as 1 5 × 10 −7 M (S/N = 3). To investigate the interference from other species, into 0.1 M PB solution containing 1 × 10 −5 M glutamate and 2 × 10 −4 M of ATChI some interfering materials such as urea, uric acid, lactic acid, glucose and ascorbic acid were added in high concentrations and no interference with the determination of glutamate and ATChI was checked, demonstrating that those substances almost exert no effect on glutamate and ATChI determination in the applied system and the present nano-PPCPEs biosensors array has good selectivity for checking glutamate and ATChI.
CONCLUSIONS
From all above, we have successfully fabricated a novel, simple and applicable biosensor for detecting glutamate and ATChI by four-electrode system with good reproducibility, stability and nice selectivity, etc. Owing to the porous structure of nano-PPCPEs, this kind of sensor array also has larger surface, higher sensitivity and stronger current intensity, etc. With the continuous development of biosensor technology and the application of nanotechnology in biosensor, the application of this kind of electrochemical biosensor or biosensor array will be promising.
